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Negative refraction is an exotic optical phenomenon that is usually observed at the interface between a positive-index
material and a negative-index, or “left-handed” material. One direct application of negative refraction is the Veselago
lens, a flat lens that can focus the light emitted by a point source located on one side of the negative index medium onto
the opposite side. Besides negative-index materials, Veselago lensing effect has been observed with two-dimensional
crystals possessing Dirac points, such as graphene for electrons. Here we observe all-angle negative refraction and
Veselago imaging in three dimensions with a Type I Weyl metamaterial. Furthermore, our ideal Weyl metamaterial
exhibits remarkable spin-selective transmission around the Weyl frequency that arises from its intrinsic chiral optical
response. Our results show that the ideal Weyl metacrystal provides a versatile platform for lensing applications and
novel photon-spin selective devices. © 2021 Optical Society of America under the terms of the OSA Open Access Publishing
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1. INTRODUCTION

In 1968, Veselago theoretically predicted negative refraction
of electromagnetic waves at the interface between a positive-
index material and a “left-handed” medium [1]. The left-handed
medium had been considered to be unphysical, and therefore the
Veselago lens had gone unnoticed until the concept of metamate-
rials was proposed about two decades ago. Since then, tremendous
effort has been dedicated to the realization of functional mate-
rials with negative refraction, in which light propagates with
phase and energy velocities opposing each other. Pendry further
extended the concept, theoretically showing that a flat slab of loss-
less negative-index material can serve as a perfect lens for imaging
with subdiffraction-limited resolution [2,3]. Negative refraction
has been explored in various systems, such as negative-index meta-
materials [4–10], photonic crystals [11,12], surface plasmons
[13–15] and hyperbolic metamaterials [16–18].

Recently, topological phases such as topological insulators
and topological semimetals have come into focus, since these
nontrivial topological materials support surface states that are
immune from scattering. While initially studied in condensed
matter systems [19–21], the concept of topological physics has

been extended to classical systems such as photonics and acoustics,
leading to the realization of various topological systems such as
photonic topological insulators and gapless topological phases
of photonic Dirac and Weyl points [22–46]. As a highly robust
gapless topological state, Weyl points are the discrete crossings
of linearly dispersing energy bands in three-dimensional (3D)
momentum space. They can be viewed as monopoles of quantized
monopole charge in the momentum space, by which the sign of
the monopole charge is determined by the Weyl point’s chirality.
Various interesting observables have been proposed or demon-
strated, including the existence of Fermi arcs at the interfaces
[21,28–40], diverging or diminishing scattering cross sections
and enhanced or suppressed Purcell effect at the Weyl frequency
[47,48], handedness-dependent Imbert–Fedorov shift [49,50],
and chiral zero modes and the associated magneto-resistance and
chiral magnetic effects [51,52]. It has also been proposed that
below the Weyl frequency, negative refraction can occur at the
interface of a suitably designed Weyl material and a normal dielec-
tric medium [33]. Due to the 3D nature, the negative refraction
in a Weyl medium resembles that in a 3D isotropic negative-index
material, while the design and fabrication of the latter has posed
great challenges due to the requirement of negative electric and
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magnetic responses in all directions. Here, we experimentally real-
ize Veselago lens in an ideal photonic Weyl metamaterial, which
is a key signature of all-angle negative refraction in a 3D setting.
Due to the robustness and linear dispersion of the Weyl medium,
the Weyl approach towards negative refraction provides major
advantages over traditional negative-index media such as low loss
and better impedance matching at the interface to ensure higher
transmission.

2. THEORY AND EXPERIMENTAL REALIZATION
OF VESELAGO LENSING

Close to the Weyl frequency, the dispersion of Weyl media can be
described by a simple two-band model involving all three Pauli
matrices linearly coupled to the three wave vectors along orthogo-
nal directions, with the general form of the effective Hamiltonian
expressed as

Heff = Vx kxσx + Vy kyσy + Vzkzσz +Wx kx I , (1)

where σx ,y ,z are Pauli matrices, I is a 2× 2 identity matrix, Vx ,y ,z

are the Fermi velocities, and Wx is the tilted velocity of the Weyl
point along the x direction. The tilting of the Weyl dispersion
cone is determined by the Weyl parameter αWeyl =Wx/Vx , with
αWeyl < 1 corresponding to Type I Weyl systems, and αWeyl > 1
corresponding to Type II Weyl systems [53]. A Type I Weyl system
features a shrinking equifrequency surface (EFS) and diminish-
ing density of states towards the Weyl frequency, which provides

a unique platform for exploring a variety of intriguing physical
phenomena.

The realistic design of the Weyl system for demonstrating neg-
ative refraction is based on an ideal photonic Weyl metamaterial
with broken inversion symmetry [31], which exhibits four Weyl
points at the same energy; they are well separated from any other
bands. The unit cell geometry of the ideal Weyl metamaterial is
shown in Fig. 1(b). A saddle-shaped metallic structure with D2d

point group symmetry is embedded in the hosting material with
dielectric constant of 2.2. The band structure of the ideal photonic
Weyl metacrystal is shown in Fig. 1(c), showing four Type I Weyl
points at ωWeyl = 13.5 GHz formed by the linear crossing along
0 −M between a longitudinal mode (LM) of negative dispersion
and a transverse mode (TM) of positive dispersion residing in the
same frequency, as protected by the symmetry of the structure.
The top surface of the Weyl metamaterial fabricated by a printed
circuit board is shown in Fig. 1(a), with the square lattice vectors
(u and v) tilted 45◦ from the x and y axes, while the interface for
observing negative refraction lies in the x z plane. Thus, two of the
Weyl points of the same chirality are projected onto the center of
the surface Brillouin zone, while the other two are projected to two
points away from the center by a separation larger than k0, and
therefore are not involved in the following investigation of imag-
ing. Below the Weyl frequency, the Weyl points expand into four
elliptical EFSs (blue line) located on the kx and ky axis, respectively
[Fig. 1(d)]. At the interface between air and the Weyl metamaterial,
the tangential component of the momentum is conserved. As a
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Fig. 1. Negative refraction of the ideal Weyl metacrystal. (a) Schematic configuration of the negative refraction of the ideal Weyl metacrystal with excit-
ing dipole source located in air; (b) unit cell of Weyl metacrystal: a saddle-shaped connective metallic coil that possesses D2d point group symmetry in the
tetragonal lattice; the 3D period of the unit structure is pu = pv = 3 mm and pw = 4.5 mm; (c) band structure of the ideal Weyl metacrystal; four Type I
Weyl points reside on the same energy along the0 −M directions in the kz = 0 plane (purple plane); (d) EFSs of the Weyl metacrystal (blue line) at the fre-
quency of 0.935ωWeyl in kx − ky plane; the red circle in the center represents the EFS of air in the same frequency. The incident and refracted wave vectors
are denoted by the blue and red arrows, respectively. (e) Simulated beam profile of the all-angle negative refraction of the ideal Weyl metacrystal at the fre-
quency of 0.935ωWeyl; the white lines indicate the beam propagating direction.
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Fig. 2. Evolution of the focusing profile of the transmitted wave through the Weyl metacrystal when the frequency increases to the Weyl frequency.
(a)–(d) Full wave simulation; frequencies are (0.921, 0.928, 0.935, 0.942) ωWeyl, respectively; (e)–(i) experimental measurements, frequencies are (0.891,
0.8963, 0.9, 0.9041)ωWeyl, respectively.

result, an incident light from air (red arrow) is expected to experi-
ence negative refraction as the group velocity (blue arrow) of the
Weyl metamaterial points inward toward the center of the EFSs.

To confirm the negative refraction below the Weyl frequency,
we perform a full wave simulation of refraction at the interface
between the Weyl metacrystal and air using the commercial soft-
ware Computer Simulation Technology (CST). The schematic
configuration is shown in Fig. 1(a), a dipole source oriented in
the z direction is positioned a distance away from the ideal Weyl
metacrystal in the air. The distribution of the simulated electric
field is illustrated in Fig. 1(e) at ω= 0.935ωWeyl. The simula-
tion results clearly show that the field is focused across the Weyl
metacrystal to the other side of the metacrystal, indicating all-angle
negative refraction at the interface. The white lines indicate the
beam propagating direction, showing another focusing point
inside the metacrystal.

Close to the Weyl frequency, the size of the EFS of the Weyl
metacrystal varies rapidly, and the corresponding effective refrac-
tive index is highly dispersive, which strongly varies the focusing
features at different frequencies. Evolution of focusing profile of
the transmitted wave through the Weyl metacrystal with frequency
is shown in Fig. 2: (a)–(d) correspond to full wave simulation
results and (e)–(g) are experimental measurements. One can see
that the focal spot gradually moves away from the interface and
becomes more elongated in the y direction when the frequency
increases towards the Weyl frequency. When approaching the
Weyl frequency, the focal spot spreads out and the focal length
increases towards infinity. While above the Weyl frequency, the
effective refractive index becomes positive and the transmitted
wave diverges. Our results show that negative refraction occurs in a
broad band of frequency range of about 0.75 GHz below the Weyl
frequency. The experimental observations are in good agreement
with the rigorous simulation results, demonstrating the all-angle
negative refraction of the ideal Weyl metacrystal.

Using Fresnel’s law, the effective refractive index neff of Weyl
metacrystal can be obtained in the paraxial approximation:
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Fig. 3. Variation of the effective refractive index of Weyl metacrystal
when the frequency approaches the Weyl frequency. The discrep-
ancy between the theoretical and experimental results comes from the
incomplete matching of the experimental sample and simulation setup.

neff/nair ≈ d2/(d1 + d3), where d1 and d3 are, respectively, the
distance of dipole and focal spot to the Weyl metacrystal, d2 is the
thickness of the Weyl metacrystal, and nair is the refractive index of
air. The refractive indices of the ideal Weyl metacrystal retrieved
from both the simulation and experimental measurement for
different frequencies are illustrated in Fig. 3. Due to approximate
linear relation of the radius of elliptical EFS of Weyl point with
frequency [47], the amplitude of the effective refractive index
decreases linearly with the increase of frequency towards the Weyl
frequency, which is verified by both the experimental and simula-
tion results. However, there is a relative shift in frequency between
the measured and simulated curves of the refractive index, which is
due to a slight difference in the geometries between the fabricated
sample and the simulated one—to reduce the simulation complex-
ity, the hollow metallic cylinders in Fig. 1(b) are replaced by solid
ones.
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3. CIRCULAR DICHROISM OF IDEAL WEYL
METAMATERIAL

Because the two Weyl cones involved in the refraction have the
same topological charge, it is expected that the metamaterial
exhibits strong chirality and circular dichroism for the incident
beam [54]. Figure 4 shows the simulated and measured trans-
missions for the incident beam of different circular polarizations
through the Weyl metacrystal around the Weyl frequency. As
shown by the simulation results in Fig. 4(a), the left-handed cir-
cular polarized (LCP) wave experiences a very high transmission
around the Weyl frequency (around 90%), while the transmittance
for the right-handed circular polarized (RCP) wave is below 10%.
In the measurements shown in Fig. 4(b), there is also a large differ-
ence between the transmittances of the two circular polarizations.
However, due to the imperfection of the sample, the measured
transmittances are significantly less than the simulated results for
both circular polarizations.

The underlying physical mechanism of the giant spin-selective
transmission of the ideal Weyl metamaterial can be understood
within the framework of multipole charge–current interaction.
Here we look into the electric current distribution for an indi-
vidual structure when excited by a circularly polarized beam.
Distributions of surface current and the corresponding chiral
response of Weyl metamaterial under RCP and LCP incidence at
Weyl frequency are illustrated in Figs. 4(c) and 4(d) in the same
scale, respectively. The difference in the surface current oscillations
on the Weyl unit-cell structure indicates its intrinsic chiral-optical
behavior due to different multipole excitations when illuminated
with different spin states. First in Fig. 4(c), a double circular surface
current loop oscillation with C2 rotation symmetry is induced
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Fig. 4. Selective transmissions of circular polarized waves through the
photonic Weyl metacrystal around the Weyl frequency. (a) Simulation
results; (b) experimental measurement; surface current distributions and
corresponding chiral response of Weyl metamaterial under RCP and LCP
irradiance at Weyl frequency are, respectively, shown in (c) and (d). The
unit wave vector of the incident beam is 1/

√
2(Eu − Ev), which is denoted

by the green vector. The double circular surface current loop oscillations
denoted by red and blue arrows on the Weyl structure in (c) indicate
its intrinsic chiral-optical response when illuminated by the circular
polarized wave with the same chiral spin states.

on the unit cell excited by RCP, which corresponds to a magnetic
dipole moment along the (−u− v) direction. The two locations
where the electrical current switches directions indicate strong
charge accumulation, which corresponds to the presence of an
electrical dipole moment along the same direction. Consequently,
the aligned electric and magnetic dipole along the same direction
causes a chiral response. The strong resonant condition for RCP
excitation arises from constructive interference between the excited
magnetic dipole and the electric dipole moments, which leads to a
strong scattering (reflection) and weak transmittance around the
Weyl frequency.

On the other hand, for LCP excitation, as shown in Fig. 4(d),
there is a much weaker interaction between the unit cell and the
incident wave, which is due to a destructive interference between
the induced magnetic dipole and the electric dipole moments.
Consequently, the LCP light could transmit through the Weyl
metamaterial with very high transmission [55]. Thus, the Weyl
metamaterial provides a straightforward strategy for achieving 3D
chirality and potential applications in spin optical manipulations
and photon-spin selective devices.

4. CONCLUSIONS

In summary, we have experimentally realized the 3D Veselago lens
based on an ideal photonic Weyl metamaterial, and the experimen-
tal observations are in good agreement with the simulation results.
In comparison to a negative refractive index medium that operates
close to the resonance frequencies, the Weyl medium operates far
from the resonance, as indicated by the linear dispersion of the
Weyl cone. Therefore, the Weyl metamaterial is more robust to
disorders and intrinsic losses. Furthermore, the Weyl approach
towards negative refraction provides major advantages over tra-
ditional negative-index metamaterial due to the simplicity of the
structural design. Our research findings may provide a route for
various imaging applications and spin optical signal processing.

APPENDIX A

Sample configuration of Weyl metacrystal is shown in Fig. 5(a).
The saddle-shaped metallic structures with D2d point group
symmetry are etched in the 3-mm-thick hosting material with a
dielectric constant of 2.2. The detailed feature is shown in the inset.
The experimental setup for the detection of negative refraction is
shown in Fig. 5(b). The sample is stacked layer by layer to form a
3D Weyl metacrystal, where between two structured layers there
is a 1.5-mm-thick spacer with the same dielectric constant. One
antenna is working as the source dipole and another antenna is used

Fig. 5. (a) Top view of the Weyl metamaterial that is fabricated by
a printed circuit board. The inset on the upper-left corner shows the
detailed feature; (b) experimental setup for the measurement of negative
refraction.
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Fig. 6. (a), (b) Band structures of Weyl metamaterial that are composed
of solid and hollow cylinders, respectively; (c) simulated all-angle negative
refraction in the y z plane of the ideal Weyl metacrystal.

Fig. 7. Evolution of the focusing profile of the transmitted wave across
the Weyl metacrystal with the incident dipole polarized along the x
direction when the frequency approaches the Weyl frequency.

as a probe. A black foam is placed underneath the sample to serve as
an absorber to reduce the scattering of waves.

The band structures of the ideal Weyl metacrystals that are
composed of solid and hollow cylinders are shown in Figs. 6(a)
and 6(b), respectively. The comparison between them shows they
have very similar Weyl degeneracy, but with a slight frequency
shift of about 1.2 GHz. The simulated beam focusing in the y z
plane is illustrated in Fig. 6(c). It clearly shows that the incident
beam is focused on the other side of the metacrystal, which is the
same as that in the x y plane. It further confirms that our ideal Weyl
metacrystal is capable of all-angle negative refraction in 3D.

In the full wave simulations of imaging by CST, the Weyl meta-
material consists of 35, 23, and 35 unit cells along the x , y , and z
directions, respectively, where the number of unit cells along the y
direction is the same as that in the experiment. In the simulation,

the mesh size is carefully chosen such that the simulation result is
converged with further refinement of the mesh size. Field monitors
are used to record the electromagnetic field distributions.

The experimental measurements of the evolution of the trans-
mitted wave through the Weyl metacrystal when the incident
dipole is polarized along the x direction is shown in Fig. 7. It shows
when the frequency increases to the Weyl frequency, the focus-
ing spot moves gradually away from the interface and becomes
elongated in the propagating direction (y direction). And when
approaching the Weyl frequency, the focal spot spreads out, and
the focal length increases towards infinity. The evolution of the
beam focusing profile is similar to the other dipole polarization
(Fig. 2) and is in good agreement with the full wave simulation
results. It further demonstrates the great advantage of achieving
Veselago lensing based on our ideal Weyl metamaterial, which is
3D, all-angle, broadband, and polarization-independent.
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